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I. INTRODUCTION 

In 1981, Guth |1| introduced an inflationary phase (old in- 
flation) to explain the horizon, flatness, and monopole prob- 
lems. The Universe begins hot, cools, and becomes stuck in 
a false vacuum and begins to inflate. Eventually, the Universe 
transitions to the true vacuum and reheats. Unfortunately, 
Guth's model failed due to the Swiss cheese problem or lack 
of a graceful exit. The tunneling rate to the true vacuum must 
be small to generate a sufficient amount of inflation, but then 
inflation never ends. 

New inflation ||2] 13 sidestepped the Swiss cheese prob- 
lem by introducing a slowly rolling scalar field to drive in- 
flation. Slow roll not only solves the standard cosmological 
problems but can also generate adiabatic density perturbations 
consistent with the CMB. Regardless, slow roll has two seri- 
ous generic drawbacks beyond the fine-tuning problem {4); 
first, the high scale of inflation (which prevents testing infla- 
tion in the lab) leads to problems from trans -Plancki an physics 
to overclosure from moduli and gravitinos; second (a much 
worst problem), eternal inflation (which leads to the mea- 
sure problem) undermines the predictive power of inflation. 
Hence, one is interested in alternatives to slow roll such as 
cyclic models and ekpyrotic Universes i6J, but these models 
must contend with a singular bounce, which introduces a dif- 
ferent can of worms. 

Instead, we do away with any scalar dynamics to control in- 
flation. A thermal bath (present during old inflation) regulates 
inflation. We introduce a new thermal and technically natu- 
ral mechanism to generate a graceful exit. We have dubbed 
the model SuperCool (SC) inflation since the Universe super- 
cools during inflation and then rapidly transitions to the true 
vacuum due to a small perturbation, in much the same that a 
supercooled liquid almost instantaneously freezes if slightly 
disturbed. The model in spirit is similar to thermal infla- 
tion Q except unlike thermal inflation our model success- 
fully solves the cosmological problems and generates adia- 



Stuck in False Vacuum 




FIG. I: top- The Universe is stuck in a false vacuum and supercools, 
bottom- At Tc, a Yukawa term generates a tadpole term; the barrier 
goes away. The Universe then rapidly transitions to the true vacuum. 

batic density perturbations. SuperCool Inflation (SCI) works 
at the TeV scale and below and avoids eternal inflation. 

For simplicity, SuperCool (SC) field is a complex scalar 
with a Coleman- Weinberg potential 

W)^(l/8)T=*V^W'(ln(J|)-l) 

+ yi(j) * {qRqL)i + h.c. + + non-renormalizable 

(1) 

charged under a U(l)x gauge group with a charge g^, where 
A"* is the standard cosmological tuning, which tunes the cos- 
mological constant of the true vacuum to zero. Finite tem- 
perature effects generate an effective mass term (T^0^). The 
SC field couples to a set of QCD like fermions quQl with a 
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Yukawa coupling A^. The SC sector is a simplified version of 
the standard model with the SC inflaton mapped to the Higgs 
boson. The SU(2) weak force accompanied by leptons has 
been dropped. The non-renormalizable terms will play an im- 
portant role in avoiding eternal inflation. 

We will discuss Eq.[T]in detail in the text but first describe 
the qualitative behavior of Eq. [T] In the beginning, the Uni- 
verse is hot and dense, becomes stuck in a false vacuum (Fig. 
[T]-top), and inflates solving the horizon and flatness problems. 
The temperature of the Universe falls exponentially. In sec- 
tion II A we show that finite temperature effects stabilize the 



a collider perspective, a high scale of inflation is disappoint- 



ing without a GUT scale collider. In contrast in section II D 



potential against tunneling during inflation. 



In section II B we introduce a technically natural way to 



end inflation. When the Universe reaches the critical tempera- 
ture Tc, a non-Abelian gauge group freezes, which triggers the 
end of inflation. A set of QCD like fermions charged under the 
non-Abelian gauge group get a vev (AA) ~ T^. The fermions 
(which have a Yukawa coupling to the SC field) generate a 
tadpole term for the inflaton potential. The new term removes 
the barrier trapping the scalar field in the false vacuum (Fig.[T]- 
bottom). We remind the reader that as the temperature of the 
Universe drops the barrier trapping the false becomes smaller; 
the barrier scales with T. The field then quickly rolls down to 
the true vacuum and reheats the Universe. The mechanism 
is technically natural; the end of inflation is determined by 
the logarithmic running of a non-Abelian gauge group. In the 
same way, the QCD scale is technically natural compared to 
the Planck scale, which is a difference of lO'^" orders of mag- 
nitude and many orders of magnitude more than the tempera- 
ture difference between when SC inflation begins and ends. 

In the case of radiative Electro-Weak (EW) symmetry 
breaking, Weinberg and Guth [81 noted that the Universe 
would become trapped in the symmetric false vacuum of the 
Higgs potential to arbitrarily low temperatures. Witten |9| 
showed that when the QCD vacuum freezes, the Yukawa 
terms generate a tadpole term for the Higgs potential. The 
new term destabilizes the false vacuum and the Universe tran- 
sitions to the true vacuum. We take Witten's observation and 
introduce it as a way to generate a graceful exit for old infla- 
tion. 



After the field goes to the true vacuum in section II C 



we 

show that the Universe rapidly reheats. We discuss the differ- 
ent ways that the inflaton can couple to the standard model. As 
an instructive example, we consider kinetic mixing between 
hypercharge U(l)y and U(l)x which generates a Z' . The SC 
inflaton then decays into a pair of Z bosons. 

A high scale of inflation (order GUT) can be problematic. 
The GUT scale generically results from the dual necessity to 
generate a sufficient number of efolds and to generate the cor- 
rect spectrum of density perturbations [4J. If the height of 
the potential is on the order of the GUT scale, then the width 
frequently needs to be larger than the Planck scale, at which 
point we must deal with trans-Planckian physics. At a prac- 
tical level, non-renormalizable terms suppressed by m^i can 
become large and dangerous 1 10|. High scale models also run 
into overclosure problems from moduli and gravitinos. From 



we show that SC inflation occurs at the TeV scale and down 
avoiding the complications of high scale inflation. 

Previous authors have proposed inflation at the TeV scale. 
In fact a model introduced by Turner & Knox ifTTI similarly 
uses a Coleman Weinberg (CW) potential (We use a CW po- 
tential for the SC field), but all of the models are rolling field 
models. TeV scale rolling models often have difficulties from 
fine tuning problems [12] or require unusual initial condi- 
tions 1 13 1. SC inflation itself does not suffer from fine-tuning, 
but our proposed mechanism to generate perturbations (which 
is similar to a curvaton) suffers from a potential fine-tuning 
which we discuss in sectionlTVl 

Clearly, we see the interest in connecting TeV scale infla- 
tion with EW symmetry breaking or more generally with be- 
yond the Standard Model (SM) building such as hidden valley 
models lfT4l etc.. We have not attempted to directly connect 
SC inflation and EW symmetry breaking, but the path is clear 
One can write down a gauge invariant dimension 4 renormal- 
izable scalar coupling between the SM Higgs and SC field. 
When the SC field gets a vev, it can generate a negative mass 
term which induces spontaneous EW symmetry breaking. We 
have left detailed model building to future work. In that spirit, 
we have written the paper from an effective field theory per- 
spective without reference to any particular fundamental the- 
ory which might relate to SUSY, GUTs, etc.. 

Next, we turn to eternal inflation in section|lII] which is en- 
demic of the slow roll paradigm and troublesome. Once one 
has gone to the trouble of constructing a slow roll potential, it 
has been recently shown that the potential must eternally in- 
flate 15). In an eternally inflating Universe (a Multiverse for 
short), most of the Universe is stuck inflating. Regardless, 
small pockets of the Multiverse will stop inflating and could 
be like our visible Universe or completely different. Critically, 
we need to measure the relative probability of different pocket 
Universes to make predictions. After 25 years of extraordi- 
nary effort, no measure predicts a Universe which looks at all 
like our own. For instance, the geometric or light cone mea- 
sure (introduced by Bousso ifTSl ) predicts that time itself will 
end in the next 5 Billion years lfT6l . We list a few references 
ifTTl - ESl of the extensive literature on the measure problem. 

In section [ni] we show that SCI avoids eternal inflation. In 
general, any scalar field has two regions in which eternal infla- 
tion can crop up: at a hilltop of a potential as with the original 
new inflation model or at large field values as with chaotic 
inflation. The SC inflaton potential has neither of these trou- 
blesome points. A non-minimal coupling to gravity or non- 
renormalizable terms prevent the large field value case. At the 
hilltop points in SCI, the inflaton does not slow roll, in which 
case there is no eternal inflation as shown in the Appendix. In 
fact, one would need to introduce a large tuning to make the 
hilltop sufficiently flat to have slow roll in the first place. 



We introduce in the last major section IV a novel way 
of generating perturbations. The thermal background which 
controls SCI suppresses normal density perturbations from 
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a scalar field. We will require a new way to generate per- 
turbations. Isocurvature (entropy) perturbations can gener- 
ate real adiabatic density perturbations. Mollerach showed 
that if a matter component (which has an isocurvature per- 
turbation) decays into radiation, then the matter component's 
isocurvature perturbation will become a real adiabatic density 
perturbation ll24il . The curvaton model ESI I26J has imple- 
mented MoUerach's original idea. We similarly take advan- 
tage of MoUerach's mechanism except our model works at 
much lower inflationary scales compared to the curvaton. 



Coleman-Weinbero Potential 



In Section IV A we introduce the aulos field (a pseudo 
Nambu-Goldstone boson). Aulos is the Greek root for a flute 
or reed instrument. The field generates real density perturba- 
tions, which seed the formation of all known structure in the 
Universe. The ancient Greeks described the motion of celes- 
tial objects as the music of the spheres. Aulos in a similar 
spirit refers to a source of cosmic harmony. After sponta- 
neously breaking the U(l) aulos symmetry in section IV B we 



generate a small technically natural mass by expUcitly break- 
ing the U( 1 ) symmetry. 

Then in |IV C| we discuss the evolution of the aulos field. 
During inflation, the aulos field is Hubble damped, but De 
Sitter fluctuations induce spatial variation of the misalignment 
angle of the aulos field. During inflation the mass of the aulos 
field (ma) is smaller than the Hubble parameter. The aulos 
decay constant (/„) is within ©(lO**) of the Hubble parame- 
ters. At the end of inflation, both rn^ and grow and be- 
come substantially larger than H, which transfers energy from 
the inflaton field into the aulos field. The aulos field begins 
to oscillate, which generates a cold condensate of the aulions. 
Now, the spatial variation of the misalignment angle of the au- 
los field induces an isocurvature perturbation. The aulos field 
then decays into radiation and generates real density perturba- 
tions. 

Next, we show in section [TVDI that the aulos mechanism 
can produce the perturbations seen in the CMB and potentially 
generate some novel features. The aulos field is very similar to 
the curvaton scenario except the aulos mechanism works with 
inflationary scales much smaller than 10^ GeV Hence, many 
of the curvaton features apply to the aulos scenario. First, the 
aulos mechanism generates the scale of perturbations seen in 
the CMB and the spectral tilt of the power spectrum. Second, 
the very low scale of inflation suppresses primordial gravity 
B-modes. The aulos field can also potentially generate lev- 
els of non-Gaussianities and isocurvature perturbations, which 
are observable with Planck and other future missions. In sec- 
tion |IV E[ we then connect the cosmological parameters to the 
parameters of the aulos field which could be measured in a 
lab. 

We would like to point out that the aulos mechanism poten- 
tially has applications beyond providing perturbations during 
inflation. We define an aulos field as any field which has a 
small decay constant ( spontaneous symmetry breaking scale 
) and/or mass during inflation. At the end of inflation, the 
field has a large decay constant and/or mass. We will discuss 
some potential applications in the conclusions from variations 




FIG. 2: Coleman Weinberg potential for the SC field (p (See Eq.|3j, 
at zero temperature. 

in dark energy to spatial variation in a fZT). 

It is important to emphasize despite the many different is- 
sues discussed in the paper that the underlying idea is simple. 
If we can free ourselves of requiring the inflaton to gener- 
ate perturbations, we can do away with slow roll altogether 
and the many complications which result from slow roll from 
technical concerns about fine-tuning to more prosaic concerns 
about the measure problem. We can also think seriously about 
low scale inflation. 



II. SUPERCOOL INFLATION 

As our starting point, the SuperCool (SC) field <j) has a 
Coleman Weinberg (CW) potential (See Fig. |3]l at zero tem- 
perature. Furthermore, SC field is a complex scalar, which 
is charged under a U(l)x Abelian group. We have enforced 
classical scale invariance on the potential ( known as the "no 
bare mass" condition)' such that 



d2V(<^) 



0. 



(2) 



0=0 



Classically, the SC field is simply of the form and is 
scale invariant. Quantum corrections modify the classical po- 
tential breaking the scale invariance. Then, dimensional trans- 
mutation generates a nonzero vacuum expectation value {(j>) 
i.e. vev. At one loop, the potential ||29l is 



In 



(3) 



where gx = 0.4 is the charge of the scalar field. A is the usual 
cosmological tuning, which will generate the vacuum energy 
during inflation V(0) = A"* and sets the true vacuum to zero 
V((0)) = 0. We wiU take A ~ 1 TeV and (|(/)|) ~ 10 TeV to 



The naturalness of Eq. [l] is open to question, but Gildener and Weinberg 
have argued that the "no bare mass" condition is natural (28|. In addition, 
CW potential have been used extensively for EW symmetry breaking and 
slow roll inflation. At the minimum, we take classical scale invariance ("no 
bare mass" condition) as an interesting hypothesis and continue. 
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be concrete. Clearly, the vev (0) and the scale of inflation are 
connected for a given gx- The scale of inflation i.e. A can be 
larger or smaller than 1 TeV; we will comment later. So far, 
we have neglected temperature effects. 



A. Stabilized Potential 

At a nonzero temperature, finite temperature effects stabi- 
lize the false vacuum of the SC potential. Near the origin of (p, 
we can approximate the finite temperature part of the effective 
potential with 



y(T, 4)) = 0(1)1^ + (1/8) 02 + o{(t>^) 



(4) 



(im Uni HD). At very high temperatures (Figj3]-a), the sym- 
metric minimum is the only vacuum state and the Universe sits 
at = 0. As the temperature of the Universe drops (Fig|3}b), 
the true vacuum appears near (f) ~ {(p). The potential evolves 
only gradually from high temperatures. As the Universe con- 
tinues to cool reaching the transition temperature (Fig|3]-c), 
the Universe will still be in the symmetric minima I9i l32l . At 
temperatures below the transition temperature (Fig[3]-d), ther- 
mal tunneling can allow the field to transition to the true vac- 
uum, but the rate is exponentially small. We will follow an 
argument first given by Witten [9 |. 

The tunneling rate F will be dominated by the 0(3) ther- 
mal instanton S3 lf33]| . We have also considered an 0(4) in- 
stanton |33 | and a Hawking-Moss instanton 1.34 J . which are 
subdominant. 



S3(T,0 
27rT 



3/2 



exp[ 



_S3 

T ^ 



(5) 



where T is the temperature of the Universe. Near the origin 
and the barrier (the part of the potential relevant for tunneling), 
we can transform Eq.[3]with a trick invented by Witten [9] ^ 



V(T,0) = — 1*1= 



^101' I in 



M 



X 



+ 0(1) (6) 



where Mx = gx{4') is the mass of the \J(l)x gauge boson. 
With Eq.[3]now in the form of Eq.|6j we have an exact solution 
of the 0(3) instanton. 



S3 = 



3 5iln(Mx/T) 



19 



(7) 



where the factor of 19 is a geometric factor 

In SCI, the Universe is stable against tunneling to the true 
vacuum. At most, only some small part of the Universe can 
transition to the true vacuum. Guth and Weinberg ll35l have 



Witten shows that near the origin and the barrier, which is the relevant part 
of the potential for tunneling that ln{4i/((f>)) - 1/4 — s> - ln(M/T) + 
0(1). 



shown that the tunneling rate (per unit time per unit volume) 
r compared to the Hubble 4- Volume 



13 = r/H-i > 9/4^ = /3, 



(8) 



must be larger than /3c for the Universe to transition from the 
false to the true vacuum. We show that /3 for the SC field is 
much smaller than /3c during inflation. Hence, the Universe 
is stuck in the false vacuum state. Rapid tunneling to the true 
vacuum can only occur when S3 — > 0. Upon inspection, only 
as gx becomes large or T goes to zero does S3 — )• 0, but 
we show that in either case tunneling will still be extremely 
small. Hence, a new mechanism will be needed to generate a 
graceful exit. 

First, gx never becomes large and stays perturbatively 
small as the temperature drops from the TeV scale down to 
a fraction of an electron volt (T< lO^^eV). At which point 
in the next section, we show that the Witten mechanism can 
generate a graceful exit. More generally if the SC field was 
charged under a non-Abelian gauge group, we would need to 
be more careful (See |36]). 

Second as the temperature drops, the logarithm ln(T/Mx) 
in Eq.|7]blows up. Regardless 13 (for the inflaton potential) is 
much less than /3c during inflation, since the pre-factor in Eq.|5] 
(which scales like T^) goes to zero sufficiently fast to counter- 
act the Log factor in the exponential. Furthermore, /? is suffi- 
ciently small to avoid constraints from BBN and CMB ll37l . 

In addition, a technical concern could lead to a much larger 
tunneling rate. At the origin of the SC potential, the one loop 
perturbative calculation given in Eq. [3] becomes no perturba- 
tive. In principle, the actual potential could be very different 
leading to a much larger tunneling rate. The worry is un- 
founded. Subsequently, a non-perturbative calculation ||38ll 
has been preformed which verifies that Eq. |3] is still correct. 
Hence, the Universe is safe from transitioning from the false 
vacuum to the true vacuum during inflation. In fact, the Uni- 
verse never tunnels for even arbitrarily low temperatures. For 
inflation to end, we will need to introduce new physics. 



B. Ending Inflation (Witten Mechanism): 

Witten's mechanism generates a graceful exit and ends in- 
flation. We implement the Witten mechanism by introduc- 
ing a set of QCD like fermions charged under a non-Abelian 
gauge group with a Yukawa coupling to the SC field Vy(0) — 
J2 yi'P*{QRQL)i+ h-c. where yi is the Yukawa coupling forre- 
spectively the right and left-handed fermions q^j and ■ The 
SC field (p is a singlet under the non-Abelian gauge group. 
Only some of the right handed quarks and left handed quarks 
are charged under the U(l)x such that the Yukawa terms are 
gauge invariant. We also must be careful how we assign 
U(l)x charges to the quark like fermions to ensure that the 
theory is anomaly free. As with QCD, we can pick a suffi- 
ciently small coupling constant such that the theory will only 
become strongly coupled at a low scale. Finally, the fermion 
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a-High Temperature b-True Vacuum Appears 




c-Vacuum Equality d-Stuck in False Vacuum 




FIG. 3: The effective potential at different temperatures: a-At high temperatures, only one vacuum state exist. b-Eventually, other vacuum 
states appear c-At the transition temperature, the Universe will be in the symmetric minima. d-As the temperature drops, the symmetric 
vacuum remains metastable. 



loop corrections have not been included in Eq. |3] Qualita- 
tively the evolution of the aulos field remains unchanged un- 
less there are a large number of fermions with large Yukawa 
couplings.-^ 

When the temperature of the Universe drops below the 
strong coupling scale A5 of the non-Abelian gauge group, 
the vacuum of the non-Abelian gauge group freezes, and the 
fermions gain a vev 



h.c. 



h.c. (9) 



The vacuum seizes, which dynamically breaks any global 
symmetries possessed by the quark like fermions quQl, and 
the \J(l)x gauge symmetry."^ If some of the ~ 1, then 
e ~ A| ~ T^, where Tc is the temperature at which the vac- 
uum of non-Abelian gauge group freezes. As we show below, 
the barrier trapping the SC field in the false vacuum goes away 
once the non-Abelian gauge group freezes. 

Concrete Example 

We now work through a concrete case of SCI with A ~ 
ITeV and ~ 10 TeV. Initially, the Universe is radiation 
dominated. The Universe then cools and becomes stuck in 
the false vacuum. The energy density of Universe becomes 



^ Witten used the same approximation and found a similar conclusion 1 9 1 . 
As Witten (9| pointed out, a more rigorous analysis would replace 
{'1rQl){^) =Q{^) with an order parameter to describe symmetry break- 
ing in order to more carefully account for gauge invariance, but the under- 
lying analysis would not change. 



dominated by vacuum energy. The Universe begins superlu- 
minal expansion once the temperature falls below a few hun- 
dred GeV (N.B. The precise temperature when superluminal 
growth begins depends upon the number of relativistic degrees 
of freedom. At temperatures between lOOGeV to 1 TeV, there 
are 0(100) relativistic degrees of freedom from the standard 
model. In which case, superluminal expansion begins once 
the temperature falls to ^ 300 GeV). As a conservative esti- 
mate, we will assume that inflation really only starts once the 
temperature of the Universe is a 100 GeV. Inflation must last 
for at least 30 efolds to solve the horizon and flatness problems 



(See Eq. 16 1. After 30 efolds, the temperature of the Universe 
drops to ^ 10^^ eV and the non-Abelian gauge group freezes. 
See Eq.|9] 

Once the non-Abelian gauge group freezes, the barrier goes 
away. Near the origin, Eq|6]together with Eq|9]has the form 



h.c.) + ^m^\ 



(10) 



(See Fig. [TJ. We note that the linear term will destabilize the 
meta-stable vacuum state ((/> ~ ) by eliminating the barrier 
if 



e > 



33/2 Ai/2' 



(11) 



Upon substituting in values for e, m, and A, we see that as 
the temperature drops so does m; while, A increases. In Fig|l] 
the barrier trapping the inflaton at the origin goes away once 
T ~ Tc - 10-2 eV, with gx = 0.4, ~ 4 TeV and 
Tc ~ A5 ~ 10^2 eV. In sum, the Universe goes through 30 
efolds of inflation solving the flatness and horizon problems, 
the barrier goes away, and the SC field goes rapidly to the true 
vacuum. The Universe then reheats as discussed below. 
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C. Reheating 

Once the barrier goes away, the field quickly goes to the 
true minimum, where it may oscillate and decay into standard 
model particles. Reheating can be virtually instantaneous for 
the decay rate r0 ^H. We might have a complicated decay 
process into standard model particles. For instance, the SC 
field might decay into particles charged under U(l)x which 
subsequently decay into standard model particles. If the infla- 
ton only partially decays into standard model particles, then 
the SC sector might be related to dark matter We will instead 
treat the case where decays only into standard model parti- 
cles and in particular Z bosons. The choice is idiosyncratic; 
many other reasonable decay routes exist (for instance, the SC 
field could decay into Higgs bosons). 

In general, there are only 3 couplings between a hid- 
den sector and the standard model which are renormal- 
izable and gauge invariant: a vector coupling to hyper- 
charge B^,y (kinetic mixing), a scalar coupling to the Higgs 
HH^ , and a spinor coupling with a Higgs-neutrino oper- 
ator HL ll39l . We will focus on the kinetic mixing [401 
between hypercharge and the U(l)x SC gauge bo- 

son Xf^^. We have, thus, expanded the standard model — > 
SU(3)xSU(2)LxU(l)y xU(l)x. In which case, the standard 
model will contribute to the CW potential Eq. [3] If the EW 
phase transition occurs during inflation, then there will be a 
threshold correction to the CW potential. The renormaliza- 
tion condition Eq.|2]can be maintained by matching the renor- 
malization group flow equations as it runs from the IR up to 
the threshold and from the UV down to the threshold. The 
IR and UV are then necessarily sensitive to each other, which 
only highlights the mysterious nature of the "no bare mass" 
condition. 

In the case of kinetic mixing between hypercharge U(l)y 
and the X boson U(l)x the kinetic energy terms 

go like 

^Ie - -^^M-S'^" - ^^M-^''' + ^B^^X'^'' (12) 

where x (^t ™ effective level) is an arbitrary mixing param- 
eter and can take any value (which is how we treat x for the 
remainder of the paper). N.B. in some top down approaches 
the parameter x can arise from integrating out vector like 
fermions charged under both the hidden U(l)x and hyper- 
charge 1 40 1, which gives x ~ 10~^. 

Upon diagonalizing the kinetic term Eq. [12] with a GL(2,R) 
rotation and then diagonalizing the gauge boson mass matrix 
with an 0(3) rotation, we can write in terms of the mass 
eigenstates of the standard model Z boson and a Z' [39] . We 
now have the coupling of the SC field (j) to the Z boson. 

We can, then, determine the decay rate of the SC field into 
Z bosons. When the mass of the \Jil)x gauge boson 
is large compared to the unmixed Z boson mass Mzg (the 
refers to the field before mixing) or x is small, the decay rate 
of the SC inflaton into a pair of Z bosons (gl], 03, and 1431 ) 



is then 

r^^zz = "^M^igx sme^7]Az)^ ^^~ ^ {3x'^ - 4x + 4) 

(13) 

where (- 300 GeV) is the mass of the SC inflaton, sin 9^ 
is the Weinberg angle, Az = {MzjMx)^, x = iM^M^, 

V = xN^-X^ and gx = 0.4. We find that T^^^zz = 
0.03 eV^ H ~ 10"'' eV, where we have taken x = .9 and 
Mz' — Mx (~ 4 TeV). The field will predominantly decay 
into Z bosons, if the masses of all other particles which couple 
to (/> are more massive than M^. For instance the QCD like 
fermions have Yukawa couplings which are 0(1) and have a 
mass ^10 TeV. 

We have assumed a large mixing x between the Zq and X 
boson but the large difference in the masses suppresses the de- 
cay rate. One could imagine a slightly less massive X particle 
which would lead to a much larger decay rate. Regardless, the 
Universe rapidly reheats converting the vacuum energy into 
radiation. With 100 relativistic degrees of freedom, the Uni- 
verse then reheats to a temperature ~ 500 GeV, which is suffi- 
ciently high to do EW baryogenesis |44|. If we had a smaller 
mixing parameter, we could then have a smaller decay con- 
stant and a lower reheat temperature. 

The SC field can avoid collider constraints. The Z' is heavy 
enough to avoid present collider bounds B31 |46l . The cou- 
pling of (\> to the standard model is strongly suppressed in this 
case due to large mass ratio of Z to Z'. Hence, the toy model 
is consistent with collider bounds. In a future paper, we will 
consider collider searches for the SC inflaton IZTl . 

D. Scale of Inflation 

Cosmological considerations can place an upper and lower 
limit on the scale of SCI. On the low end, any inflation model 
must satisfy Big Bang Nucleosynthesis (BBN) constraints. In 
which case, the Universe then reheats to at least a few MeV 
Baryogenesis could potentially, also, place constraints on the 
minimal scale of inflation. If the scale of inflation and reheat 
temperature is above 100 GeV, then one can use EW baryo- 
genesis or leptogenesis to generate a baryon asymmetry |44|. 
At present, we know of no published models of baryogenesis 
which work with the scale of inflation below 100 GeV. Thus, 
our present lack of imagination with regards to baryogenesis 
will require that inflation occurs above 100 GeV. 

An aulos field might get around the above argument. As de- 
fined in the introduction, an aulos field is any field which has 
a small mass during inflation and a large mass at the end of 
inflation. Later in the paper, we will use the aulos mechanism 
to generate density perturbations. In a different direction, the 
aulos mechanism in conjunction with the Affleck-Dine Mech- 
anism (ADM) |47| could also be used to generate a baryon 
asymmetry even if the scale of inflation is below 100 GeV. 
We would like to emphasize that the field generating a baryon 
asymmetry and the field generating density perturbations are 
not necessarily one and the same. 
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The Affleck-Dine Mechanism (ADM) can occur with a re- 
heat temperature as low as a few MeV, but ADM without the 
aulos mechanism requires that the scale of inflation be above 
10^ GeV |48, 49|. The constraint on the scale of inflation 
from ADM follows from 2 requirements: 1- the mass of the 
field carrying baryon number must be larger than the mass of 
the proton when the field decays. 2- the field must also be 
Hubble-damped during inflation. 

An aulos field carrying baryon number can satisfy the 2 
ADM requirements and could be used to do baryogenesis at a 
scale of inflation below 10^ GeV. The mass of the aulos field 
is small during inflation so the field is Hubble damped satis- 
fying the first requirement regardless of the inflationary scale. 
At the end of inflation, the mass of the field becomes large 
satisfying the second requirement. The field begins to oscil- 
late and generate baryon number via ADM. In principle, one 
can have baryogenesis for a very low inflationary scale (poten- 
tially MeV scale). We will leave detailed model building for a 
future paper |27|. Regardless from observational constraints, 
the scale of inflation must still be larger than a few MeV. 

On the other end of the scale, SCI most naturally occurs for 
A < 100 TeV due to the appearance of non-renormalizable 
terms and the number of efolds necessary to solve the horizon 
and flatness problems. For instance, we have so far neglected 
a term which arises in general relativity 

1 



(14) 



where R = — 327rG'A"'. G is Newton's constant and A"* is the 
vacuum energy during inflation, f characterizes the coupling 
of the SC field (f> to gravity. In the minimally coupled case 
(^ = 0), there is no constraint on the scale of inflation. The 
scale can be arbitrarily large. As another example, if the "no 
bare mass" hypothesis is true, then it is sensible to believe that 
the SC field is classically conformally invariant which implies 
that ,^ = 1/6 ISO) ED- We note that if we include loop cor- 
rections C is a renormalizable coupling constant that runs to a 
fix point ^ = 1/6 in the IR but can have a negative value in 
the UV 121 ■ 



Regardless, Eq. 14 can be problematic. If ^ > 0, Eq. 14 



bilizes the false vacuum, in which case inflation could never 



end. If ^ < 0, Eq. 14 could destabilize the false vacuum state, 
in which case inflation could end too soon. Hence, we require 
that inflation ends before Eq. [T4]becomes important 



(15) 



where T^, is the critical temperature when inflation ends (See 
Eq.[TTJ. 

The number of efolds of inflation necessary to account for 
the horizon problem goes like |53| 



= 30 



2 log 



A 



ITeV 



log 



ITeV 



log [7] 



(16) 

where A is the scale of inflation, Tj^h is the reheat tempera- 
ture at the end of inflation, and 7 is the amount of any subse- 
quent entropy production after inflation and reheating. Also, 



the number of efolds necessary to resolve the flatness problem 
is similar to the number of efolds necessary to solve the hori- 
zon problem (See [53] Chapter on inflation). We will require 
that the number of efolds of inflation be greater than or equal 



to Eq. 16 



Tension between Eq. 15 and Eq. [16] places an upper limit 
on the scale of SCI. The necessary number of efolds increases 
with the scale of inflation (first term of Eq. [16]), but Eq. [15] 
pushes up Tc with an increasing scale of inflation. We can 



only satisfy both Eq.[T5]and Eq.[T6|if A < 100 TeV for ^ 
0(1). 

SCI comfortably occurs between 100 TeV and 100 GeV 
(also potentially even the MeV scale), but inflation at the TeV 
scale would certainly be interesting. In many models beyond 
the standard model, new machinery at the TeV scale is in- 
troduced to explain EW symmetry breaking: gauge media- 
tion, little Higgs models, large extra dimensions etc.. Theo- 
retically, it is compelling to connect inflation to the dynamics 
which drive EW symmetry breaking. Second, LHC and future 
colliders can effectively probe the TeV scale. Inflation could 
become a laboratory science. At the moment, we can only 
probe inflation indirectly through cosmology. Finally, the low 
scale of inflation inherently avoids many pitfalls of high scale 
inflation such as overclosure from gravitinos to moduli and 
trans-Planckian physics. 



III. NO ETERNAL INFLATION 

Virtually, all known models of inflation suffer from eternal 
inflation such as chaotic inflation [54 | and new inflation (See 
Fig.[4]i. There are a few exceptions such as |55 1 which require 
a large amount of fine-tuning. More generally as noted by 
Guth, most rolling models without eternal inflation are pretty 
contrived from a field theoretical perspective |56]. 

As a simple example of eternal inflation consider chaotic 
inflation, which occurs at large field values. A scalar field 
is displaced from the true minimum. The potential of the 
scalar field V(0) is sufficiently flat such that the field rolls very 
slowly to the true vacuum state. As the Universe rolls down, 
quantum fluctuations of the field can cause a small patch of the 
Universe to go up the potential, which cause the fluctuation to 
grow (See Fig. |4]l. A small patch can continue to fluctuate 
up the potential until the quantum fluctuations of the field be- 
come order one i.e. Ap/ p ^ 1, at which point the patch can 
no longer roll back down. The patch begins to exponentially 
expand. At which point, the Universe begins to inflate eter- 
nally and only an exponentially small fraction of the Universe 
is not eternally inflating (See [56 1 for an introduction to eter- 
nal inflation). These small pocket Universes could evolve into 
a Universe which looks like ours or could be very different. 

If we had a full picture of the eternally inflating Universe 
or Multiverse for short, we could generate a probability dis- 
tribution for the properties of different pocket Universes, such 
as the cosmological constant, the amount of dark matter in the 
Universe etc.. Then in fact, eternal inflation could be able to 
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Eternal Inflation 




FIG. 4: Eternal inflation occurs at the origin of slowly rolling fields 
(as in new inflation) and at large field values (as with chaotic infla- 
tion). Quantum fluctuations prevent the field from rolling to the true 
vacuum as represented with the aiTows. 



make various predictions and be tested. 

Sadly, counting in an infinite Universe proves difficult. To 
quote Alan Guth, "In an eternally inflating Universe, anything 
that can happen will happen; in fact, it will happen an infi- 
nite number of times. Thus, the question of what is possible 
becomes trivial - anything is possible, unless it violates some 
absolute conservation law. To extract predictions from the the- 
ory, we must therefore learn to distinguish the probable from 
the improbable." Il56l . Hence at worst, we have given up any 
predictive power of inflation since anything and everything is 
possible, but if one had a good way to count the relative oc- 
currence of different pocket Universes, we could regain the 
predictive power of inflation. 

At present, there is no agreed method of determining the 
relative probability of different pocket Universes, or in other 
words we have no sensible measure of the Multiverse. In fact, 
eternal inflation and various measures so devised have instead 
led to a series of problems such as the youngness problem, 
Boltzmann brains, etc., or make predictions which are wholly 
counterintuitive. For instance, the geometric or light cone 
measure (introduced by Bousso ITSl ) predicts that time itself 
will end in the next 5 Billion years ifTBl . (See Ii57il for a re- 
cent review). One might be interested in coming up with an 
inflationary model which avoids eternal inflation in the first 
place. 

Eternal inflation occurs when 



5p 
P 



> 1 



> 



(17) 



where nipi — 2.4 x 10^^ GeV is the reduced Planck mass, 
!/((/)) is the SC field but more generally is any scalar potential. 
The prime refers to partial differentiation with respect to (j>. 
For any scalar field, there are potentially two problematic field 
values. First in the large field case (0 oo), the field could 
undergo chaotic eternal inflation as discussed above. Second 



near the hilltop of the potential (a local maximum- V'{4>) = 
0), a scalar field can also undergo eternal inflation as with the 
original new inflation models. 

Regardless, SCI actually avoids eternal inflation. We con- 
sider both the hilltop and the chaotic cases. In the hilltop case 
(V'{(j)) — 0), we show in the Appendix, that if 



>3H, 



(18) 



then there is no eternal inflation. Conversely if 3H> 
then there will be eternal inflation. There is a hill- 
top point near the origin of the SC field (0 ~ 0). We note that 
the tadpole term shifts the hilltop point away from the origin. 
By plugging in numbers, it is clear that there is no eternal in- 
flation near the origin since slow roll is violated. 

SCI can avoid chaotic or large field value eternal inflation. 
In the large field case for the SC potential Eq. [3] we violate 
Eq.— 



17 



once (p > iripi. We have so far not discussed the 
non-renormalizable terms given in Eq[T] The SC potential 
V{(t)) reaches a maximum before (j) > nipi by including a 
non-renormalizable term. 

Non-renormalizable terms are a necessary component of 
an effective field theory. For instance, a field which is non- 
minimally coupled to gravity has just such a term. Non- 
minimal coupling was discussed in the previous section. More 
generally, non-renormalizable terms can arise, when embed- 
ding a effective field theory in a more fundamental the- 
ory. Non-renormalizable terms will go like (±)A„A^"(/)^+", 
where A^ is the ultra-violet cut off and A„ is positive. We now 
include a non-renormalizable term in the potential of the SC 
field Eq.|3] 



vi<p) 



In 



M 



A, 



2n+4 



2n + 4 A2" 



(19) 



where A = S^^/Stt^ (See Fig. [sj. For simplicity, we have 
neglected the cosmological tuning parameter in Eq. [3](N.B. 
neglecting A <C Ac will not alter our results ) and the tadpole 
term which is irrelevant at large field values. By inspection 
of Eq. 19 there exists a hilltop point (po where V{(j>o) is a 
maximum of the potential. 

SCI also avoids eternal inflation at the hilltop point (pQ. 
Near (pQ we can approximate Eq. 19 with 



2n+4 



(20) 



where A' = A ln(Ac/(0)) when 4^2 ln(Ac/(0)) > ln(A/A2„) 



and ln( Ac/ ((/>)) > 1/4. Then using Eq.[T8] SCI will not have 
eternal inflation at (hn if 



V2n + 4 



2 



with 



A' 

A2ri 



Ac, (21) 



where nipi is the reduced Planck mass. As an example, con- 
sider a dimension 6 operator and assume the cut off is the 
reduced Planck mass. The non-renormalizable term is then 
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No Eternal Inflation 




FIG. 5: We have added a non-renomalizable term to the SC potential 
Eq. [3] Hence, the potential has no chaotic eternal inflation. In addi- 
tion, the potential does not have eternal inflation at the hilltops since 
the field does not slow roll at the hilltop points. 



14 i.e. a non-minimal coupling to grav- 



equivalent to Eq. 
ity. We then find that there will be no eternal inflation for 
A2 > 3/8A' ~ 10^^ or equivalent in terms of Eq. 14 that 
^ < —0.1. Also, we have avoided chaotic inflation since 
\4)q\ < rupi. Hence, SCI can avoid eternal inflation by intro- 
ducing non-renormalizable terms or by simply coupling the 
SC field to gravity. 

In fact, the above scenario is quite general. ^ is generally 
not constant and runs with the energy scale of the relevant in- 
teractions. Hill & Salopek ll52l calculated the RGE of ^ for 
a composite scalar field but they note that their conclusion 
holds for an arbitrary scalar field as well. They found that 
^ = 1/6 is an IR fixed point. In the UV (or at large field val- 
ues), ^ can easily become large and negative, which naturally 
circumvents eternal inflation from happening as shown above. 

In many ways it is not surprising that SCI avoids eternal in- 
flation. Inflation driven by a rolling field requires an unusual 
situation with the necessity of having an incredibly flat poten- 
tial. After one has gone to the trouble of having an incredibly 
flat potential in the first place, then eternal inflation can oc- 
cur SCI does not depend upon slow roll dynamics and avoids 
eternal inflation. 



IV. DENSITY PERTURBATIONS 

The presence of a thermal bath (which is necessary in Su- 
perCool (SC) inflation) will strongly suppress curvature per- 
turbations. Adiabatic density perturbations go like 



P + P 



(22) 



where Sp is the variation of density and p and p are respec- 
tively the average energy density of the Universe and pressure 
at the time a perturbation leaves the horizon. For a discussion 
on perturbations, see |53| and references there in i.e. [58J. 



As with slow roll inflation, one might imagine introduc- 
ing a single slowly rolling scalar field 0^ to generate den- 
sity perturbations. In this case, (5p ~ H V'(0r) where H is 
the Hubble parameter when the perturbation leaves the hori- 
zon. V(0r) is the potential of the scalar field. In slow roll, 
V{(t>r) = — 3H0r- The prime refers to partial differential 
with respect to (j>r, and the dot refers to differentiation with 
respect to time, p + p is summed over all matter and energy 
components. Typically for inflation, p + p = 4>l, but if there 
is a thermal background then we must include thermal radia- 
tion and pressure where pr = l/3pr- The thermal component 
will dominate the sum p + p, which will suppress adiabatic 
perturbations generated by the rolling field. 

One might imagine that thermal variations might generate 
perturbations, but the thermal variation across the initial patch 
is exponentially small. Equilibrium processes wash out any 
temperature variations across the patch {Spr/ p + p 1), un- 
less there is a process to generate perturbations on all scales 
in the plasma just prior to the start of inflation. We will not 
consider this case any further, but will leave the problem for a 
separate paper ll27l . Instead, we will turn to the aulos mecha- 
nism as discussed in the introduction. 



A. Aulos Mechanism 

We introduce an explicit model to implement the aulos 
mechanism as outlined in the introduction. We introduce a 
new complex scalar field Xa and 2 new scalar fields Xb and 
Xc- The new fields have a potential 



A 



^'Xal'l In 



\Xa\ 
V 



abc / „2 



(23) 



'"xl-xDlXal' "'^^ 



All of the coefficients are positive. There is an 0(2) symmetry 
between Xb and Xc, which is broken by the interaction term 
with Xa- Xa has a U(l)a axial symmetry. Xb and Xc get a vev 
when (/i > afcT^ & p > acT^). ^). 

We require that Xa is independent of temperature. If the 
field is temperature dependent then it will be difficult to gener- 
ate the necessary density perturbations for inflation. We could 
argue that Xa has a zero temperature during inflation. Instead, 
we cancel the temperature dependent term of Xa in Eq. [23] 
(aaT2|xaP)by setting 



A. 



(24) 



^ If inflation begins once the temperature of the Universe drops below 100 
GeV, then we require that fii, and fic are > 100 GeV assuming are order 



1 for instance « = 1/4 for the SC field (See Eq.|6] 
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Aulos Field 
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FIG. 6: Aulos potential Eq. |25]in units of v. During inflation, the 
aulos vev and mass are small. At the end of inflation, the vev and 
mass become large. 



which requires a careful selection of the matter coupled to 
Xa, X6> and Xc given (Af,/A). The coefficients cti in Eq. 23 
depends upon the matter content coupled to xi- We will re- 
quire that Xh and Xc have different couplings to fermions i.e. 
OLci^ oth- The different couplings to matter will then break the 



0(2) symmetry of Eq. 23 and potentially induce a different A 
for Xh and Xc due to quantum corrections. One can insure that 
Xh and Xc do have the same A by again carefully choosing the 
matter content which couples to Xh andxc such that the loop 
corrections will be the same for Xh and Xc- In addition, we 
will require that A^/A is a rational number to allow for the 
cancellation of (ofaT^lxaP)- This will require a fair amount 
of model building. In a more fundamental theory one might 
be able to find such a scenario. Otherwise naively, Eq. 24 re- 
quires severe tuning. We do not address the naturalness of 
such a scenario at this time. 

Regardless, the interaction term, now, cancels the a^T^Xa 
term; Xa has a Coleman Weinberg potential and then under- 
goes dimensional transmutation which spontaneously breaks 
U(l)a i.e. (Xa acquires a vev v). With the vev of Xa (v ^ 0), 
we redefine Xa in terms of a radial field (ct) and an angular 
field (a) which corresponds to the pseudo Nambu-Goldstone 
boson of Xa = iy + a)e^°-l^ . We will associate the pseudo 
Nambu-Goldstone boson (a) with the aulos field. As one final 
note, we can avoid eternal inflation in the aulos sector in much 
the same way that we avoided eternal inflation in the inflaton 
sector. 



B. Aulos Mass 

We introduce a mass term for the aulos field (a), by softly 
breaking the U(1)q symmetry. The potential of the aulos field 
is then. 



2 



(25) 



where As is a dimensionless parameter which gives the size 
of the symmetry breaking and Xa is the complex conjugate of 



Xa- A soft breaking term such as Eq. 25 can arise from a con- 
strained instanton first introduced by t'Hooft |59| and more 
fully developed by Affleck fSO). We will leave a more careful 



analysis for the future and treat Eq. 25 at an effective level. 
In Eq. 25 we have shifted the aulos field such that the mini- 
mum of the potential is given when 4a/i^ — > (See Fig. |6|. 
We might wony about the formation of domain walls. With 
the given breaking term there are 4 degenerate vacua. But the 
worry is unfounded. Xa and the aulos field never reheat at the 
end of inflation. In which case, the Kibble mechanism will 
not generate domain walls. 

Expanding the cosine at the minimum gives that 



(26) 



where is the mass of the aulos field and — v/A\s, the 
decay constant for the aulos field. The mass is proportion- 
ate to the spontaneous symmetry breaking scale. Hence, the 
mass will vary if the spontaneously symmetry breaking scale 
changes. 



C. Aulos Evolution 

In our toy model during inflation, the aulos field is Hubble 
damped with 3H ~ IQ-^ eV > ma. The vev of the SC field 
is zero and does not contribute to the vev of Xa- The vev 
of Xa is initially small. At the end of inflation, the SC field 
gets a large vev (0) which will generate a large and negative 
effective mass term for Xa- Then from Eq. 23 Xa gets a new 
large vev {v) 



Av 



(27) 



The aulos mass and decay constant become large. See Eq. 26 
When TOa >3H, the aulos field begins to oscillate and gen- 
erates a condensate with an energy density 



^ 2 j-2/12 4a2 
Pa = T^mJJo = —ly 6*0 



(28) 



where (6*0 = Aa/i') is the misalignment angle of the field 
when it begins to oscillate. We assume that the field begins 
to oscillate near the top of the cosine potential in Eq|25] in 
which case (^o — t^)- We also evaluate pa with the enlarged 
values of fa and rua- We have assumed that the aulos field 
barely evolves as fa and TOq grow to their maximum size. 

At the moment, we have assumed that when the aulos field 
begins to oscillate that fa is large and constant, but in fact, fa 
is not necessarily initially constant. As the banier trapping the 
SC field in the false vacuum goes away, it is unclear how the 
phase transition proceeds. If the transition is first order and 
the SC field tunnels to the true vacuum of the theory, then fa 
will in fact be constant. Otherwise, the SC field will experi- 
ence a period of rolling and potentially oscillating around the 
minimum of the potential Eq. |3] In this later case, if we want 
to determine precisely the energy density in the aulos field and 
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SC field, we need to solve the coupled differential equations 
of motion for the aulos and SC field. We leave this problem 
for a future paper. Regardless in our toy model, we show that 
the decay rate of the SC field is a factor of 10 larger than 
the decay rate for the aulos field Ta and can be made much 



larger with a lighter Z' (See Eq. 13 i. In addition, in the case 



of parametric resonance the inflaton will only oscillate once 
or twice before decaying. We can in fact treat fa as constant 
during most of the evolution of the aulos field. 

The aulos field in our model will predominantly decay into 
photons (One could also consider a different decay route but 
leave that for future work). We introduce a set of new chiral 
fermions charged under the global U(1)q axial symmetry such 
that we can write down a Yukawa coupling between the new 
chiral fermions and Xa- In addition, the new chiral fermions 
are charged under EM, then due to the QED anomaly the aulos 
field can decay directly into photons with 



- a— >-77 



647r3 /2 



(29) 



where a' = g'^/47r x A^'. g' is the coupling constant of the 
aulos fermions under U(1)em and N' is a numerical factor 
which depends upon the number of fermions and their charge 
under EM. We will take a' ~ lO^^a (which is reasonable if 
the fermions have a fractional charge under EM or couple due 
to kinetic mixing). As long as the fermions are not charged 
under QCD and are heavy, we can avoid constraints from rare 
decays and collider physics with fa > 100 GeV and nia > 1 
GeV (See |6r| and references within). We also require the 
fermions to be sufficiently heavy to avoid LEP constraints. 
The fermion's mass should be greater than roughly 100 GeV. 
When Xa acquires a vev, the new chiral fermions become very 
massive TeV scale for 0(1) Yukawa couplings. 



D. Observational Signatures 

Quantum fluctuations during inflation cause spatial varia- 
tion of the misalignment angle Oq of the aulos field across the 
Universe. At the end of inflation, the aulos field begins to os- 
cillate, once the mass of the aulos field becomes larger than 
the Hubble parameter. At which point, variations in the mis- 
alignment angle during inflation induce an isocurvature per- 
turbation |62|. 

Isocurvature are also induced in the QCD axion ll62l and the 
curvaton model but in a different manner from the aulos field. 
The QCD axion and curvaton are Hubble damped during infla- 
tion and experience fluctuations in their misalignment angle. 
Inflation ends; the Universe reheats and then cools. Eventu- 
ally, the Hubble parameter becomes smaller than the mass of 
the axion or curvaton. The QCD axion and curvaton then be- 
gin to oscillate which generate isocurvature perturbations. In 
contrast, the aulos field begins to oscillate and generate isocur- 
vature perturbations immediately at the end of inflation when 
the mass of the aulos field grows and becomes larger than the 
Hubble parameter. 



When the aulos field decays, the isocurvature perturbation 
becomes a real curvature perturbation |24|. We can now give 
an expression for the normalization of the primordial power 
law spectrum 



r X q 



H 



3vr \fado 



(30) 



where r = Pa/p is the ratio of energy density of the aulos field 
Pa over the total energy density of the Universe p when the 
aulos field decays. The ratio of (H/ faOo) is to be evaluated 
during inflation, where H is the Hubble constant, fa is the 
aulos decay constant, and 9q is the misalignment angle of the 
aulos field. We will take q = 1,^ for the remainder of the 
paper 

The power-law index Ug of the primordial power spectrum 
(following 1261 ) is 



1± 



2to| 
3h2 



A4 



(31) 



where respectively (— ) holds if during inflation the aulos field 
is near the top of the potential in Eq. 25 and conversely (+) 
holds if the aulos field is near the bottom of the potential in 
Eq.|25]( WMAP 7 gives that = 0.967 |63 1. We wifl assume 
that the aulos field is stuck near the top of the potential and the 
(— ) case holds). In the second term of Eq. 31 Pris the energy 



density of radiation during inflation over the vacuum energy 
A''. During inflation the second term in Eq. 31 can be safely 
ignored. 

The aulos mechanism can also generate non- 
Gaussianities ll26l with 



/nl — 



4r 



(32) 



WMAP 7 constrains /nl < 100 which requires that r > 
10^^. We will take r = 3 x 10^^, which gives an /nl = 42. 
We can reasonably have a much smaller f^L but picked a 
value which would be observable. In the near term, Planck 
and 21-cm experiment can detect (/nl — 5 to 10) 164|. 

In addition, the aulos field can isocurvature perturbations. 
At present, the size of isocurvature perturbations must be less 
than about a tenth of the size of adiabatic density perturba- 
tions ll63l . The isocurvature constraints for the aulos field are 
the same as with the curvaton (See f26l for more details). We 
will just summarize the effects. Isocurvature constraints re- 
quire baryogenesis and dark matter (DM) genesis to occur af- 
ter the decay of the aulos. In which case, there will be no 
isocurvature perturbations. 

Instead, if the aulos field can decay directly into baryons 
or DM, then the aulos field could generate interesting levels 
of isocurvature perturbations, which future experiments could 



' q parameterizes nonlinear effect in the oscillation of the aulos field Eq.jlSj 
See 1251 1261 for more details. 
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detect. We will leave the last possibility for future research 
and will only require that the aulos field decays before the 
production of DM and baryons. Below, we show that the aulos 
field for the parameters chosen decays almost instantaneously. 
At that time, the temperature of the Universe is around 500 
GeV. Hence, one can use EW baryogenesis to generate the 
baryon asymmetry, which occurs once the temperature of the 
Universe is around 100 GeV [44 1. As to dark matter, we leave 
that for a separate paper, but the QCD axion would be a viable 
DM candidate. 



E. Aulos Parameters-Colliders 

We can now relate the parameters of the aulos field to the 
primordial power spectrum. The size of the soft breaking term 



ofU(l)a (See Eq. 25 i 



A, = 67r'(l-n,) 



r X q 



(33) 



A?(fco) 



can be given in terms of n^, r, q and (6*0 — tt). ^^^^ 
2.43 X 10-9 1631. We find that A, = 4.3 x 10"^ which is 
small but technically natural. With inflation at the TeV scale 

and r = 3 X lO^^, 



Eq. 

< 1. 
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fixes ~ 4 X 10^^ eV during 
inflation. Also, Aa0 < 1, such that the aulos field does not in- 
advertently destabilize the SC field before inflation ends. The 
small vev v generates an effective negative mass term for the 
SC field. Conversely if A^^ ~ 1, we could then use the small 
negative mass term to end SCI rather than the Witten mech- 
anism. This negative mass case would be similar in spirit to 
thermal inflation. We will leave this case for future research. 

At the end of inflation, v = 7 TeV and nia = 730 GeV 
with A^ ~ Aa0 and (0) ~ 10 TeV. For simplicity, we will 
assume that the vacuum energy associated with the Xi fields is 
subdominant compared to the scale of inflation {Vabc A^), 
which implies that Aa^ < lO""*. In which case, the mass of 
Xa is Still heavier than Mx- Then, (p will not decay into Xa- 
One could imagine a more complicated decay process, but we 
will ignore the possibility at the moment. 

Eq. 29 gives the decay rate of the aulos field (Ta — 2x 10^"^ 
eV, with a' — 10~^a), which is long compared to the decay 
rate of the SC field (r0 = 0.03 eV) and short compared to the 
Hubble scale at the end of inflation ( H= 4 x 10^'^eV). So 
in fact, the aulos and SC field decay almost instantaneously 
relative to H. 

The aulos field can make connections between collider 
physics and the CMB. We can redefine the mass and the de- 
cay rate of the aulos field in terms of parameters determined 
by cosmological measurements i.e. Eqj33]and the coupling of 
aulos field to fermions. SC vev and the aulos decay constant 
should be on the same scale. Due to the low scale of SCI, 
colliders could rule out the scenario or potentially give a route 
of discovery. In addition to LHC, there will be new searches 
for hidden sectors at Jefferson Lab, JPARC, and future Long 
Baseline Neutrino experiments such as LBNE [i6n l65l . We 



will leave a detailed discussion of particle physics searches 
for SCI to a future paper 1.27 J . 



V. CONCLUSION 

In conclusion, we have proposed SuperCool (SC) inflation 
as a solution to old inflation The Universe inflates solving the 
horizon and flatness problems. At a sufficiently low temper- 
ature, a non-Abelian gauge group becomes strongly coupled 
which generates a tadpole term. The new term destabilizes the 
false vacuum, providing a graceful exit. Hence, SuperCool In- 
flation (SCI) generates a successful period of inflation. 

There have been other models proposed which have a 
graceful exit, such as double field inflation a variant of 
hybrid inflation [671, and chain inflation |68| |69| to name a 
few. These models with the exception of chain inflation use 
the dynamics of a rolling field to give old inflation a graceful 
exit. The rolling models will have eternal inflation and must 
confront the measure problem unlike SCI. Furthermore, the 
rolling models are finely tuned to generate a sufficient amount 
of inflation |66|. In SuperCool (SC) inflation, the running of a 
non-Abelian gauge coupling determines the number of efolds 
of inflation. Thus, SCI is no more finely tuned than QCD, 
with the caveat that the "no bare mass" condition is sensible. 

SC inflation is not the only inflationary model, which takes 
advantage of thermal effects such as warm inflation ifTOl and 
thermal inflation |7|. Warm inflation modifies the friction 
term for the equation of motion of the inflaton due to the ap- 
pearance of a finite temperature during inflation and should 
be lumped in with other rolling models. Thermal inflation and 
SC inflation are very similar in spirit. In thermal inflation, 
an effective mass from the finite temperature potential as with 
SCI stabilizes a false vacuum. Eventually a negative mass 
term destabilizes the false vacuum and the field transitions to 
the true vacuum. Unlike SC inflation, thermal inflation is too 
brief to solve the flatness and horizon problems and does not 
have a way to generate density perturbations but is sufficiently 
long to dilute unwanted relics such as gravitinos etc.. 

As argued in the text, the TeV scale seems to be a natural 
fit to SC inflation. The scale of SC inflation could be much 
lower than the TeV scale with a hard lower bound given by 
BBN ( a few MeV). In principle, there is no upper bound on 
the scale of SC inflation if one can ignore non-minimal cou- 
pling to gravity or non-renormalizable terms in general. But 
as argued in the text, one should not neglect for instance a 
non-minimal coupling to gravity. In which case, there is an 
upper bound on the scale of SC inflation on the order of 100 
TeV. 

TeV scale inflation prompts a question on the naturalness of 
the initial conditions. We have assumed as our starting point 
that the initial patch which hosts the visible Universe today 
was hot, homogeneous, and isotropic when inflation began. 
We do not address the naturalness of such a set up, but the 
same ambiguity existed in Guth's original model. In that in- 
stance, Guth argued that quantum gravity just might generate 
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the right initial conditions. Even in rolling models one still 
faces the same difficulty or one might hope that eternal infla- 
tion offers a route out of initial condition conundrum, but then 
one must address the measure problem. At the moment, there 
is no obvious solution to the initial condition problem in any 
model of inflation, without invoking eternal inflation, which 
is good or bad depending upon your tastes. 

As an interesting feature, SC inflation naturally avoids eter- 
nal inflation. As argued in the text, eternal inflation appears 
both ubiquitous and fraught with difficulty. One solution to 
eternal inflation is no eternal inflation. Eternal inflation occurs 
at hilltop points (the maximum of the potential) and at large 
field values (chaotic inflation). See Fig. [4] Non-minimal cou- 
pling to gravity of the SC field or non-renormalizable terms in 
the effective potential for the SC inflaton can prevent chaotic 
eternal inflation. At hilltop points, the field has no slow roll. 
We show in the Appendix that the field will then not have eter- 
nal inflation at the hilltop points. 

In fact, we should not be surprised that eternal inflation does 
not occur for SC inflation. Eternal inflation for a rolling field 
is a symptom of slow roll which generally requires a large 
amount of tuning ID . Only once we have gone to the trouble 
to finely tune our potential to get slow roll that we run into 
eternal inflation. SC inflation does not depend upon slow roll. 
Hence, SC inflation avoids eternal inflation. 

One of the great success of slow roll inflation is generating 
adiabatic density perturbations. The SC inflaton generates the 
vacuum energy which drives inflation and ends inflation due 
to the Witten mechanism, but does not generate appreciable 
density perturbations. We have imagined two possible ways 
to generate perturbations. First, if there exist initial pertur- 
bations in the plasma just before inflation begins, then those 
perturbations on the largest scales^ will redshift as the Uni- 
verse inflates and produce the adiabatic density perturbations 
we see today. For instance, one might imagine a first order 
phase transition just before inflation begins. Bubble colli- 
sions might seed perturbations in the plasma of just the sort 
we need. In this paper we have not addressed this scenario 
and leave such considerations to a separate paper |27J. 

Instead we introduced a new mechanism to generate den- 
sity perturbations which we have dubbed the aulos mecha- 
nism. The aulos field is a pseudo Nambu-Goldstone boson 
similar to an axion. De Sitter fluctuations induce variations 
in the misalignment angle of the aulos field. At the end of 
inflation the mass of the aulos field becomes large. At which 
point, the aulos field begins to oscillate and generate a con- 
densate. The variation in the misalignment angle induces 
an isocurvature perturbation. Real adiabatic density pertur- 
bations are generated when the aulos field decays into radia- 



tion. As noted previously, the aulos mechanism successfully 
matches observations from the CMB and potentially can gen- 
erate non-Gaussianities and isocurvature perturbations, which 
could be observed by Planck. 

We define an aulos field more broadly as any pseudo 
Nambu-Goldstone boson which has a small spontaneous sym- 
metry breaking scale and mass during inflation and a large 
mass and breaking scale at the end of inflation. An aulos field 
has several interesting applications to inflation. We only men- 
tion a few. In a manner similar to the curvaton scenario, the 
aulos mechanism could be used to generate perturbations in an 
arbitrary inflation scenario. In a separate publication |27|, we 
use the aulos mechanism to generate perturbations in hybrid 
models at the TeV scale, which avoids previous constraints 
lfT2ll . The curvaton scenario requires that the scale of infla- 
tion to be above 10^" GeV. The aulos mechanism works for 
an arbitrarily low scale of inflation. Second, the Affleck-Dine 
mechanism typically requires that the scale of inflation be near 
10^ GeV. An aulos field which carries baryon number could 
do baryogenesis via an Affleck-Dine mechanism for an arbi- 
trary scale of inflation. One could potentially implement infla- 
tion successfully at the MeV scale. At the moment, we know 
of no models of inflation, which is successful with the scale 
of inflation below 100 GeV! 

We can imagine that the aulos mechanism can be used be- 
yond inflationary dynamics. The aulos mechanism can be 
used to generate spatial variation of a, which has been ob- 
served by ITTTI and a spatial variation of dark energy. In ad- 
dition, the aulos mechanism could generate compensated per- 
turbations, which has recently garnered interest. See |72 73| 
for a discussion. In the last two cases, the aulos field would 
not be associated with a field which generates density pertur- 
bations during inflation. We will consider these possibilities 
in separate pubUcations. 

Acknowledgements: We would like to thank P. Adshead, 
B. Bardeen, S. Dodelson, E. Kolb, J. Frieman, R. Feldmann, 
P Fox, N. Gnedin, A. Gufli, D. Hooper, J. Kopp, W. Hu, J. 
Lykken, G. Miller, E. Neil, A. Stebbins, A. Upadhye, E. Wein- 
berg, M. Wyman and A. Zablocki for discussion and feedback. 
We would like to extend a special thanks to M. Turner and C. 
Hill whose criticism profoundly reshaped the final paper. Fi- 
nally, A. Albrecht's encouragement, criticism, and insight was 
a light in the dark. This material is based upon work supported 
in part by the National Science Foundation under Grant No. 
1066293 and the hospitality of the Aspen Center for Physics. 
D. Spolyar is supported by the Department of Energy. 



^ We only observe perturbations on the largest scales which correspond to 
perturbations that leave the horizon within the first 10 efoldings of inflation. 
On small scales equilibrium processes wash out perturbations, but large 
scale perturbations can persist. 
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VI. APPENDIX 

We show that if slow roll conditions are violated, then there 
can be no eternal inflation near hilltop (local maximum) points 



bo with 



V'iM =Oand V'iM < 0. 



(34) 



where d^V{^o) = V'{^o)- 

Suppose there exists a small patch of space inflating. The 
patch has a field value near 0o- We can approximate the po- 
tential V{(l)) near (f>Q with a Taylor series 



(35) 



where A"' = ^^(^o) andAf^ — \V" {4>)\. We can now simpHfy 
our analysis by just shifting the hilltop point to the origin. Set 
(t>Q = 0, then 



(36) 



We can solve the equation of motion + 3H0 — M^(/> = 
when slow roll is violated with M > 3H by neglecting the 
Hubble term. We then find that 



(kit) ^ 0oe 



Alt 



(37) 



We can see that for 0o = 0, the field is stuck at the origin. 
The field would not evolve and the Universe would eternally 
inflate, but even an infinitesimal quantum fluctuation would 
kick the field to a nonzero field value where it could roll away 
and stop inflating. 

A proxy for the fraction of the Universe which is eternally 
inflating at the origin at some time t is then just 



(38) 



where H is the Hubble parameter H= A'^ /rripi, andp(i)„o„ is 
the probability of not having a quantum fluctuation. If p(t)„on 
grows slower than the volume factor e^*^*, the fraction of the 
Universe inflating at the origin becomes exponentially large. 
Conversely if the probability function grows faster than the 
volume factor, then there is no eternal inflation. The De Sitter 



fluctuations are Gaussian in Eq 38 in which case, p{t) 



(1— Erf(t)) ^ /t. Hence, the fraction of the Universe 
which inflates at the origin exponentially goes to zero with 
increasing time. 

We now look for a region in which the Universe can eter- 
nally inflates. Presumably if Eq. 36 admits eternal inflation, 
then there must exist a region |e| > where quantum fluctu- 
ations keep the Universe inflating. The region cannot extend 
out to infinity. The vacuum energy goes to zero and then neg- 
ative for sufficiently large field values. Inflation only will oc- 
cur if the vacuum energy is positive. Hence, we will require 
that the vacuum energy density stay positive. This requires 
that we will only consider fluctuations to points which are at 
most \/2mpi /3 away from the origin. Hence, if eternal infla- 
tion occurs, there must exist a region < |e| < y/2mpi/3 
where quantum fluctuations keep the field within e of the ori- 
gin. Hence, we will only consider fluctuations which take 
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the field to values within e of the origin. If we had chosen 
badly and are interested in fluctuations to values larger than 
e, we can just redefine e to include the larger values. Hence 
by searching for e, we can determine if the potential eternally 
inflates. 

We consider a stochastic process of rolling and quantum 
kicks to characterize the evolution of the field during eternal 
inflation. First, assume that a point e exists. Then, there exists 
a region within e of the origin in which eternal inflation can 
occur Set the field value initially to e, where we remind the 
reader that < |e| < mpi/3. At time t, the field has rolled to 
A(j) = (j){t) (See Eq 37 1, and a quantum fluctuation kicks the 
field to a point S such that \5\ < \e\. The field then begins to 
roll to a new point A0' where quantum fluctuations kick the 
field to a new point 5' such that \S'\ < e. The process contin- 
ues to repeat itself. And a fraction of the Universe continues 
to inflate. 

We consider the first such cycle of roll and quantum kick as 
discussed above. After one cycle, our proxy for the fraction of 
the Universe inflating with a field value within e of the origin 



where 



P{t)t = 



3Ht 



p{t)tp{A(l), S)a 
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1 ( t'H\2 
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dt' 
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(40) 



is the probability of having a quantum fluctuation at a time t 
and 




4'\2 



2 Vh-' 



(41) 



is the probability of having a quantum fluctuation from the 
point to within S of the origin. 

By considering different cases, we can analytically show 
that Pe{l) < 1, for any e. In the first case, take t > 
(if/27r)-\ flien p{t)t < 1 and A0 > e > \S\. We can 
approximate Eq. |4T]with 



p(M,s)i 



< 



2\S\ _l/27^(A^-|^|)^2 
LJ p 2\ H / 
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(42) 



We note that \S\ = ee'^^^* = A(/)e-*=^(*+'^*) where At is 
the time it would take the field to roll from 6 back to e. Af- 
ter making the appropriate substitutions and maximizing the 



probability. 



P^(l)<,/2J3i^~M)^-(l-^;)%-^fA^ 



where v = 5/A(j) < 1. 

Second, consider (3U)~^ <t< 27r/H, then 



<1 (43) 



Pit) 
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2^27r' 



-t < 1 



and 



P,(l) < - M)t - (1 - v)\-MAt^ < 1 
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(44) 



(45) 



Third let t < (3H)-\ and Atp - 6 >H/2tt. The result is the 
same as before Eq.|45] 

Finally, consider t < (3H)-i and A<f) - 5 <H/2-k. hi this 
case, we are looking for fluctuations which take the field to 
points between 5 and e and not within 6 of the origin. Thus, 



the limits of Eq. 41 are different in this case. We find that 



piA(f>,S) < V27r^^^ < 1 



and 



^e(l) 



< 



H 



3Ht 



(46) 



2tt 



-te(l 



(47) 



Hence after one cycle, the fraction of the Universe eternally 
inflating has decreased regardless of e. Hence by contradic- 
tion, a point e does not exist. Thus, there is no eternal infla- 
tion. In fact as we iterate the stochastic process of rolling an 
quantum kicks, the fraction of the Universe eternally inflating 
becomes exponentially suppressed. Thus in the case that, slow 
roll is violated (A/ > 3H), we do not find eternal inflation near 
the hilltop of our potential. 

Conversely if we consider the slow roll case (M < 3H), 
then the solution to the equation of motion has the same form 
as Eq.[37|but we simply send AI — > /3H. Upon analyzing 
Eq.|39|in the slow roll case, one clearly finds eternal inflation. 



